Farnesoid X receptor (FXR) is a transcription factor that controls bile acid homeostasis. The phenotype of Fxr null mice is characterized by hypercholanaemia, impaired secretion of bile acids and failure to thrive. Human disorders with these characteristics include FIC1 disease (caused by mutations in ATP8B1, which encodes a putative aminophospholipid translocase, FIC1, whose function in bile handling is unknown) and bile salt export pump (BSEP) disease (caused by mutation in ABCB11, which encodes BSEP, the primary canalicular bile salt export pump). We investigated the possibility of hepatic down-regulation of FXR in FIC1 disease and BSEP disease. Three siblings with this phenotype, born to consanguine parents, were initially studied. The children were demonstrated to be compound heterozygotes for missense and nonsense mutations in ATP8B1. Expression of specific genes in liver was analysed, comparing one of these siblings with a child homozygous for missense mutation in ABCB11, as well as with a child having idiopathic cholestatic liver disease, a child with extrahepatic biliary atresia and a normal organ donor. The expression of two main FXR isoforms was specifically decreased in the liver of the FIC1 disease patient. A consistent and concomitant reduction in messenger RNA levels of FXR targets, such as BSEP and small heterodimer partner, was also found. Gene-profiling experiments identified 163 transcripts whose expression changed significantly in FIC1-disease liver. Of note was that several genes involved in synthesis, conjugation and transport of bile acids were down-regulated. A cluster of genes involved in lipid metabolism was also differentially expressed. Our findings suggest that hepatic down-regulation of FXR contributes to the severe cholestasis of FIC1 disease.
INTRODUCTION
Farnesoid X receptor (FXR, NR1H4 ) is a nuclear receptor that functions as a physiological sensor of bile acids (1, 2) . Upon binding to bile acids or their conjugates, it coordinately regulates the expression of critical target genes involved in the synthesis and transport of bile acids. Thus, in the liver, FXR induces the expression of the canalicular adenosine triphosphate-binding cassette (ABC) transporters ABCB11, multidrug resistance transport protein 3 (MDR3, ABCB4 ) and multidrug resistance-related protein 2 (MRP2, cMOAT; ABCC2 ), whilst repressing that of basolateral sodium taurocholate cotransporting polypeptide (NTCP; SLC10A1) (3 -7). In the intestine, FXR up-regulates expression of ileal bile acid binding protein (I-BABP ) (8) and down-regulates that of apical sodium-dependent bile acid transporter (ASBT; SLC10A2 ) (9, 10) . In addition, FXR regulates the expression of genes encoding enzymes involved in bile acid synthesis and conjugation (11 -13) , as well as key target genes controlling cholesterol homeostasis (14, 15) . In vivo evidence of the central role of Fxr in bile acid and lipid homeostasis has come from Nr1h4 knockout mice, which have increased levels of bile salts, cholesterol and triglycerides in serum (14) . FXR expression is decreased in intestine of patients with FIC1 disease (10) , a form of inherited cholestasis caused by mutation in ATP8B1 (16, 17) . FIC1 disease is clinically similar in some respects to bile salt export pump (BSEP) disease, another form of inherited cholestasis. Both FIC1 disease and BSEP disease, when severe, are manifest in infancy. They are characterized by low serum concentrations of gamma-glutamyl transpeptidase (GGT) activity and cholesterol despite conjugated hyperbilirubinaemia and by decreased concentrations of bile salts in bile (18, 19) . BSEP disease is caused by mutation in ABCB11, which is expressed only in the hepatocyte and encodes BSEP, the primary canalicular bile salt export pump (20) . Hepatocellular retention of bile salts owing to absence or dysfunction of BSEP can be invoked to explain liver injury and cholestasis in BSEP disease. FIC1 is a P-type ATPase expressed at many body sites, with putative activity as an aminophospholipid translocase (16, 21, 22 ). Its precise function and how its dysfunction leads to cholestasis are not understood. To understand better the association of FIC1 disease with cholestasis, we investigated expression of FXR and FXR target genes in liver of a patient with genetically documented FIC1 disease and of a patient with genetically documented BSEP disease, and compared our findings with those in other forms of liver disease and in normal liver. Our results support a significant role for FXR in the pathogenesis of FIC1 disease.
RESULTS
Three of five gypsy children (patients 1 -3, Table 1 ), born to first cousins, had cholestatic liver disease with hypercholanaemia, low serum GGT and low serum cholesterol. They were treated by liver transplantation. All three suffered from chronic diarrhoea after transplantation, with failure of 'catch-up' growth. These post-transplant complications are associated with FIC1 disease (23, 24) . Genomic screening suggested linkage of the disorder to the ATP8B1 locus, albeit without homozygosity. Single-strand conformation polymorphism (SSCP) and direct sequencing revealed that each affected child was a compound heterozygote for the same missense and nonsense mutations in ATP8B1. The paternal allele shows a C ! T transition at nucleotide 1367 that results in a substitution of a threonine for methionine at codon 456 (Fig. 1 ). This change was not found in 94 chromosomes from a control population. A C ! T transition of nucleotide 1804 is transmitted from the mother and results in a substitution of an arginine for a stop codon, leading to a truncated protein at amino acid 602.
We examined mRNA expression of ATP8B1, as well as ABCB11 and ABCB4 [encoding a canalicular transporter, MDR3, deficient in a form of high-GGT cholestatic liver disease (25) ], in liver from patient 1 and from four other age-matched children. One (patient 5, Table 1 ) had cholestatic liver disease with hypercholanaemia, low serum GGT and low serum cholesterol. This patient was homozygous for a missense mutation (3692G . A, R1231Q) in ABCB11 and lacked immunohistochemically demonstrable BSEP at canaliculi; MRP2 marked normally (Fig. 2) . Another (patient 4) had high-GGT cholestatic liver disease of undetermined aetiology; in particular, no mutation was found in the entire coding sequence of ABCB4. A third had extrahepatic biliary atresia (EHBA). A fourth was normal; donor liver excess to need at transplantation was used. As shown in Figure 3A , no consistent differences in ATP8B1 or ABCB4 mRNA expression, as determined by real-time quantitative RT -PCR, were observed but, unexpectedly, a 4-fold reduction in the expression of ABCB11 was detected only in the patient with FIC1 disease. In this line, in liver sections of this patient, immunohistochemical staining for BSEP was only evident at an antibody dilution of 1 : 20 ( Fig. 2) , whereas in simultaneous assays with sections from patient 4 and normal liver, protein could be also detected at a 1 : 50 antibody dilution (data not shown). As ABCB11 expression strictly depends on FXR (3,4), we next examined mRNA levels of this transcription factor as well as the liver-X receptor (LXR), a structurally and functionally closely related nuclear receptor (26) . A marked decrease in FXR mRNA levels was observed specifically in patient 1 (Fig. 3B) . The expression of small heterodimer partner (SHP, NR0B2), a primary FXR target gene (11, 12) was also evaluated. Consistent with the above results, SHP mRNA levels were found to be decreased only in FIC1 disease patient (Fig. 3C ). The expression of NTCP, which is inhibited by SHP (7), did not change in patient 1 when compared with samples from normal liver or from patients 4 and 5 (Fig. 2) . However, a 2.5-fold decrease in its mRNA levels was observed in biliary atresia, which is consistent with a previous finding indicating a down-regulation in the expression of this gene in patients with this disorder (27) . Altogether, results from patient 1 are in agreement with those reported for Fxr null mice, which exhibit a marked decrease in ABCB11 and SHP expression, but show no differences in NTCP and ABCB4 (14) . Moreover, these findings suggest that, unlike ABCB11 and SHP, FXR transcriptional activity is not required for constitutive expression of NTCP and ABCB4. The occurrence of two main FXR isoforms (FXRa and FXRb) has been reported in mice and human (28, 29) . They are spliced variants that differ at the N-terminus and are expressed in a developmental and tissue-specific pattern. Because both isoforms may differentially regulate target genes in various tissues (28, 29) , we decided to determine the precise contribution of each one to the overall decreased FXR expression detected in patient 1. Initially, to unequivocally discriminate the two variants, RT -PCR assays were carried out by using different primer sets. Two of them corresponded to sequences at the divergent N-termini and 5 0 untranslated regions (5 0 -UTR) (Fig. 4A) , and have been previously used for the specific detection of each of the two human FXR isoforms (28) . In the remaining ones, which were predicted to lead to amplified products markedly different in length, the same sequence corresponding to the common coding region was used as a reverse primer (Fig. 4A ). RT -PCR assays resulted in amplified fragments of the expected sizes for each FXR variant and indicated that both isoforms decreased to a similar extent specifically in patient 1 (Fig. 4B) . The relative expression of each one was then assessed by real-time PCR (Fig. 4C) . In all the samples, FXRb expression was higher than FXRa, showing a ratio of 1.9, and an 4-fold decrease in the expression of both isoforms was detected in patient 1.
To this end, we investigated whether liver disease was also linked to FXR in the three affected children in the gypsy sibship. This possibility was excluded by both genotyping of six members of this family (patients 1 -3, their parents and a healthy brother) with five polymorphic markers flanking FXR and direct sequencing of the coding region of FXR in patient 1 (data not shown).
Having established the specific decrease in FXR expression in patient 1, we hypothesized that phenotype of FIC1 disease might in part result from reduced transcriptional activity of this nuclear receptor. To assess this, gene-profiling experiments were carried out with the five liver samples. Expression data from patient 4, patient 5, the child with EHBA and the normal child were compared with those from patient 1, resulting in four pair-wise comparisons. A total of 163 genes, out of approximately 8300, whose expression changed at least 2-fold specifically in patient 1 were identified. These genes were then subjected to hierarchical clustering (30) for visualization. This analysis divided the samples into distinct groups and, as expected, clustered data from patient 1 in a separate branch of the dendrogram (Fig. 5, left panel) . Various sets of genes involved in bile acid and lipid metabolism, as well as transporters and detoxifying enzymes were, among others, found to be differentially expressed in patient 1 (Fig. 5, right panel) . Notably, genes encoding enzymes involved in bile acid synthesis, as well as hepatic basolateral and canalicular transporters were found to be down-regulated in this patient. They included CYP27A1, which catalyses the initial step of an alternative biosynthetic pathway (31) , bile acid-CoA -amino acid N-acyltransferase (BAAT ), which is involved in conjugation of bile acids to taurine and glycine (31), the canalicular transporters ABCC2 (MRP2), which mediates export of organic anions including conjugated bilirubin and ABCG2, an alternative canalicular efflux pump for sulphated conjugates, as well as OATP-C, the major basolateral Na þ -independent bile salt uptake system (32) . In addition, the expression of biliverdin reductase A, which catalyses the recycling of biliverdin to bilirubin (33) , was also decreased. A cluster of genes involved in various aspects of lipid metabolism was also found to be down-regulated in patient 1. Among them are key modulators and enzymes of cholesterol synthesis, such as 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMG-CoA) reductase, intracellular trafficking, such as sterol carrier protein 2, and removal of its cellular excess, such as vigilin (34) . Noteworthy, most of these genes, as well as hepatic lipase, microsomal triglyceride transfer protein, stearoyl-CoA desaturase, phenylalanine hydroxylase and delta 4-3-ketosteroid 5 beta reductase, among others, have been reported to be down-regulated in Fxr null mice (14, 15, 35) , and/or up-regulated in culture systems upon treatment with FXR agonists (13,36 -38) .
DISCUSSION
Mutations in ATP8B1 have been identified in individuals with low-GGT cholestatic liver disease (17,39). Here we described two mutations in ATP8B1 present in compound heterozygous form in three children from a gypsy family. One mutation is predicted to lead to truncation of synthesis at amino acid 602 (of 1251), with loss of six (of 10) transmembrane domains in FIC1, the P-type ATPase encoded by ATP8B1. The other mutation, T456M, lies in the phosphorylation domain, a DKTG motif highly conserved among all P-type 
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Human 40) . Both mutations are likely to abolish protein function.
In liver from patient 1, a child with low-GGT cholestatic liver disease who carried both these mutations, predicted absence of FIC1 activity was correlated with down-regulation of FXR. This nuclear receptor is highly expressed in the enterohepatic system, where it acts as a bile acid sensor that maintains a regular bile salt pool size and protects the hepatocyte from excessive intracellular bile acid concentration. This is largely achieved through the regulation of the expression of specific transporters that drive enterohepatic circulation and key enzymes involved in bile acid biosynthesis (41, 42) . Specific down-regulation of various genes in this group was observed, concomitant with decreased FXR expression, in liver with FIC1 disease. This may be associated with abnormalities that characterize the disease; in particular, impaired canalicular secretion of bile salts, organic anions and other bile constituents could result from reduced ABCB11, ABCC2 and ABCG2 expression. An imbalance in biosynthesis of bile salts species might follow from downregulation of CYP27A1, as this enzyme catalyses the first step in a pathway producing mainly chenodeoxycholic acid (31) . However, the physiological significance of this finding is unclear, because a marked reduction of the secretion of chenodeoxycholic relative to cholic acid conjugates has been found not only in children with FIC1 disease (43, 44) , but also in BSEP disease patients (45, 46) . Regarding the basolateral influx of bile salts, the apparent normal expression of NTCP, the main transport system for the uptake of conjugated bile salts, does not seem to correlate with the elevated serum levels of bile acids. This holds for patients 4 and 5 as well. However, because NTCP is also subjected to posttranscriptional regulation (32), a reduced functional activity of this transporter cannot be excluded. On the other hand, in patient 1, diminished uptake of unconjugated species of bile acids, as well as unconjugated bilirubin and other compounds, could be predicted from the detected downregulation of the basolateral transporter OATP-C.
A number of genes differentially expressed in liver from patient 1, specially those involved in lipid metabolism, are similarly altered in Nr1h4 knockout mice (14, 15) . These animals exhibit a phenotype of cholestatic liver disease, with hypercholanaemia, impaired canalicular bile salt secretion and failure to thrive (14) . The partial overlap of phenotypes between Fxr knockout mice and children with severe FIC1 disease further supports involvement of FXR down-regulation in the pathogenesis of FIC1 disease. Decreased expression of FXR has been reported in the small intestine of children with FIC1 disease, and the link between FIC1 deficiency and FXR down-regulation has been demonstrated in Caco-2 cells using specific antisense RNA oligonucleotides (10) . Intriguingly, no changes in Fxr gene expression have been detected, either in liver or in intestine, in Atp8b1 mutant mice expressing a non-functional protein (47) . Moreover, unlike patients with FIC1 disease, these mice neither have impaired bile secretion nor develop cholestatic disease (47) . This contrast in phenotypes appears related to the ability of mice to rehydroxylate secondary bile acids (47) . Hydrophobic secondary bile acids, such as lithocholic or deoxycholic acids, are formed in the intestine by bacterial dehydroxylation of primary bile acids. An abnormal accumulation of lithocholic acid was documented in an Amish patient meeting clinical, histopathologic and ultrastructural criteria for FIC1 disease (48) . Bearing in mind the putative function of FIC1 as an aminophospholipid flippase, a role for this protein accordingly has been proposed in the elimination of secondary bile acids or other hydrophobic substances from enterohepatic circulation (49) . As lithocholic acid is a potent FXR antagonist (50) , it is tempting to speculate that in humans the accumulation of secondary bile acids due to FIC1 dysfunction would lead to reduced FXR activity. This in turn would alter expression of FXR targets and of FXR itself (10, 28) . The ability of mice to rehydroxylate secondary bile acids would prevent Fxr from inactivation, despite the absence of functional Fic1. An alternative explanation for differences between FXR and Nr1h4 expression in humans with FIC1 disease and Atp8b1 mutant mice might invoke direct molecular links, present in humans but not in mice, between FIC1 dysfunction and FXR down-regulation, with FIC1 influencing signal transduction pathways involved in the regulation of expression of FXR (10). Our findings, like those of Chen et al. (10) , suggest that in FIC1 disease FXR down-regulation leads to defects in bile salt transport at both hepatic and intestinal levels. This likely accounts for complications that persist or arise in children with FIC1 disease after successful liver transplantation (24, 51) . Exacerbation of diarrhoea and no catch-up in growth were observed in the three siblings whom we studied. These complications can be ascribed to persistent alterations in ileal bile acid transport owing to FXR downregulation, with enhanced presentation of bile salts to the ileum after liver transplant leading to exacerbation of diarrhoea. That FXR and ATP8B1 are co-expressed in many other tissues (16, 22, 28, 52) raises the possibility that FXR downregulation is involved in systemic manifestations of ATP8B1 disease.
The implications of these findings for possible therapy deserve further consideration. Specific FXR agonists have been developed, and have been assayed in both culture systems and animal models (12, 36, 53, 54) . Treatment with a selective non-steroidal FXR agonist has been reported to be hepatoprotective in two rat models of cholestatic liver disease (38) . Perhaps, the residual pool of functional FXR in children with ATP8B1 disease can be further activated by these compounds. This might offer an additional pharmacological approach to management of this disease.
MATERIALS AND METHODS

Patients
Clinical and clinical-biochemistry findings are summarized in Table 1 . All patients received ursodeoxycholic acid treatment, without resolution of cholestasis. All allografts placed were cadaveric whole livers.
Patient 1, a male, is the fifth of five children born to firstcousin gypsy (ROMÁ ) parents. Two brothers (patients 2 and 3, Table 1 ) had chronic cholestasic liver disease; a brother and a sister are healthy. Liver disease in all three boys was manifest as neonatal jaundice with pruritus in early infancy. All were growth-impaired with hepatic enlargement but without signs of portal hypertension. Serum aminotransferase, Liver samples obtained from patients 1, 4 and 5 at transplantation were immediately submerged in RNAlater solution (Ambion Inc., Austin, TX, USA), as was liver obtained at transplantation from a 3-year-old child with EHBA and, at donor-organ harvesting, from another 3-year-old child without liver disease. Informed consent and ethics committee approval were obtained before tissue collection.
Genetic analysis
Genomic DNA was isolated from peripheral blood leukocytes using the PureGene w DNA Isolation kit (Gentra Systems, Minneapolis, MN, USA). Linkage analysis was performed in patients 1, 2 and 3, their parents and one unaffected brother, with polymorphic markers surrounding ATP8B1 gene (D18S1152, D18S1117, D18S1144, D18S1129, D18S1401, D18S977 and D18S381) and FXR gene (D12S332, D12S1588, D12S306, D12S318 and D12S78). The 27 exons of the ATP8B1 gene and intron boundaries regions were amplified in all family members with primers specifically designed (primer sequences and PCR conditions available upon request). Fragments were electrophoresed through the SSCP technique. Abnormal conformers were sequenced on both strands using the Big Dye w Terminator RRMix (Applied Biosystems Inc., Foster City, CA, USA) and an ABI PRISM w 377 or 3100 sequencer (Applied Biosystems Inc.). A control group of 47 unrelated subjects (94 alleles) was used to exclude DNA polymorphisms. DNA sequences were analysed by both direct observation of the electrophoretographs and comparison using the sequence alignment of the DNA ClustalW w program with the available sequence of the gene (http://www.ncbi.nlm.nih.gov). For sequencing the entire coding regions of ATP8B1, ABCB11 and ABCB4, cDNAs obtained from liver samples of patients 4 and 5, as well as from normal tissue, were subjected to PCR, using Pfu DNA polymerase (Biotools, Madrid, Spain) and several sets of internal primers corresponding to the following nucleotides (numbered according to the published cDNA sequences). (56) .
Immunohistochemistry
Tissue specimens from normal and explanted livers were fixed in 10% formalin and paraffin embedded. Standard immunohistochemical procedures were used to detect BSEP and MRP2. Briefly, 5 mm thick sections were treated with 0.3% hydrogen peroxide for 30 min, to reduce endogenous peroxidase activity, and then subjected to antigen retrieval by autoclaving in 0.1 M citrate buffer (pH 6.0) at 1218C for 3 min. Sections were incubated overnight at 378C with the primary antibodies, a mouse monoclonal anti-MRP2 (clone M2III-6; Chemicon International, Temecula, CA, USA) and a goat polyclonal anti-BSEP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), at 1:20 and 1:50 dilutions. After 1 h incubation with a secondary biotinylated universal antibody (Vector, Burlingame, CA, USA), sections were incubated with a standard streptavidin-peroxidase complex (Vector). The enzymatic reaction was developed with 3,3 0 -diaminobenzidine tetrahydrochloride (Zymed Laboratories, San Francisco, CA, USA). Counterstaining was carried out with haematoxylin. For negative controls, Tris-buffered saline (TBS) replaced the primary antibodies.
Real-time PCR
Total RNA was extracted from liver samples with TRI REAGENT w (Molecular Research Center, Inc., Cincinnati, OH, USA) and poly(A) þ RNA was isolated using oligotex resin (Qiagen Inc., Valencia, CA, USA). Complementary DNAs (cDNAs) were prepared from poly(A) þ RNA using AMV (Roche Applied Science, Indianapolis, IN, USA) and random hexamers. Real-time quantitative PCR was performed using LightCycler FastStart DNA Master SYBR Green I (Roche Applied Science, Indianapolis, IN, USA) and LightCycler detector. Assays were conducted in duplicate using three different cDNA preparations from each mRNA sample. Quantitative expression values were extrapolated from separate standard curves, and normalized to b2-microglobulin. Specific oligonucleotide primers used were as follows: ATP8B1, Analysis of differential gene expression by the use of oligonucleotide microarrays 'Atlas TM Plastic Human 8 k Microarrays' (BD Biosciences Clontech, Palo Alto, CA, USA) from the same lot were used throughout the study. These include approximately 8300 unique genes and corresponding oligonucleotides are gridded in a double-spotted pattern. Poly (A) þ RNA samples were reverse-transcribed with Moloney murine leukaemia virus reverse transcriptase in the presence of [a-
33 P]dATP. Purified radiolabelled probes were hybridized to microarrays according to the manufacturer's instructions. Hybridization signals were detected by phosphorimager and analysed by Phoretix array software (Nonlinear Dynamics Inc., NUT, UK). Expression data from patient 1 were compared with those from patients 4, 5, the child with biliary atresia and the normal control, resulting in four pair-wise comparisons. Differentially expressed genes in patient 1 were identified by using Student's t-test (P , 0.005). The hierarchical clustering method from Eisen et al. (30) was used to cluster the gene expression changes. Median centering and normalization of the data were performed before clustering. TreeView program was used for visualization.
